Aims: In anesthetized rats, voiding is typically associated with phasic activation (bursting) of the external urethral sphincter (EUS). During spontaneous voiding in unanesthetized, unrestrained rats, EUS bursting is the most common form of EUS activity exhibited, but it is not necessary for productive voiding to occur. The aim of the present study was to determine which aspects of EUS activity contributed to void size during bursting and non-bursting voiding in conscious, freely moving rats. Methods: Female rats were implanted with electrodes adjacent to the EUS for recording electromyographic activity (EMG). EUS EMG recordings were performed during 24-hr sessions in a metabolic cage while voided urine was continuously collected and weighed. Results: Void size was positively correlated with the duration of the intra-burst silent and active periods and variables reflecting the overall intensity and duration of bursting, particularly at lower frequencies within the 3-10 Hz range of EUS bursting. In addition, void size was inversely related to the frequency of bursting and to the average EMG amplitude during voiding, both in voids with and without bursting. Conclusions: EUS bursting contributes to productive voiding when bursting is present. Lower bursting frequencies elicit more productive voiding than do higher frequencies. In the absence of bursting, the association of increased void size with smaller average EUS EMG amplitude suggests that conscious rats can perform synergic voiding (i.e., bladder contraction with EUS relaxation) that is comparable to that seen in humans and other typically non-bursting species.
INTRODUCTION
The external urethral sphincter (EUS) plays a crucial role in continence and voiding. 1 It is active during urine retention and inactive during voiding, although the pattern of inactivity varies among species. In humans, the EUS is silent throughout voiding; in rats, the EUS exhibits a phasic pattern of short bursts of activity alternating with periods of silence (bursting). The ubiquity of EUS bursting during voiding in anesthetized animals and the reduced void size that follows impairment of EUS activity [2] [3] [4] [5] has led to the commonly accepted interpretation that EUS bursting is necessary for productive voiding in rats. 6 We have recently reported in a study of EUS EMG during spontaneous voiding in unanesthetized, unrestrained rats that, while bursting is the most common form of EUS EMG activity during voiding, it is not essential for voiding to occur. 7 On average, 25% of voids were not associated with EUS bursting. During voids of comparable size, EUS EMG activity ranged from markedly phasic bursting to fully tonic ongoing activity. This finding in awake, unrestrained rats contradicts the prevailing view (largely based on studies in anesthetized animals) that EUS activity during voiding in rats is entirely phasic. The contribution of phasic and tonic EUS activity to voiding productivity has not been evaluated on a void-by-void basis. In this study, we evaluated the relationship of void size to EUS activity and other urodynamic properties. We used individual voids in conscious, freely moving rats to determine the aspects of EUS activity that accounted for variation in void size during spontaneous micturition.
MATERIALS AND METHODS

Animals
Animals were 23 8-12-week-old female Sprague-Dawley rats that were subjects in a previous study. 7 Rats were housed individually with a 12-hr light/12-hr dark cycle. All animal procedures were in accord with the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council (National Academy Press, Washington, DC, 2010), and had been reviewed and approved by the Wadsworth Center IACUC.
Implantation Surgery
Implant construction and surgery have been reported in detail 7 and are only described here briefly. Implants consisted of 3-4 Teflon-insulated stainless steel wires attached to a plastic pedestal. The free ends of the pedestal wires formed a pair of EUS EMG recording electrodes and 1-2 grounding electrodes.
All procedures were performed using sterile surgical technique under isoflurane anesthesia. The EUS EMG wires were routed subcutaneously by inserting the electrodes in a trocar into a skin incision over the skull and exiting through a skin incision over the abdomen. The EUS electrodes were inserted bilaterally through small holes drilled in the pubic bone five mm caudal to the rostral bone edge and just lateral to the pubic symphysis. The electrode tips were then sutured to holes drilled at the rostral edge of the pubic bone, which positioned the electrodes along the dorsal surface of the pubic bone parallel and adjacent to the EUS. One or two grounding wires were positioned either subcutaneously over the lower vertebral column or within the abdominal cavity. The abdominal wall and skin incisions were closed in layers. The implant pedestal was attached to the skull with screws and dental cement. Animals received antibiotics and an analgesic for 5-10 days after surgery.
Chronic Recordings
Rats were housed individually in a metabolic cage for 24 hr 1-3Â/week for up to 14 weeks. A flexible armored cable attached to the skull pedestal carried EUS EMG signals to recording equipment via a commutator; this allowed the rat to move freely about its cage. Voided urine was accumulated and continuously weighed by a force transducer mounted beneath the cage. The urine accumulation lagged behind the recorded EUS EMG due to the transit time of the urine drops along the inner surfaces of the metabolic cage (minimum transit time¼0.6 sec).
EMG data were bandpass filtered at 10-300 Hz, digitized at 600 Hz, full-wave rectified digitally, down-sampled to 200 Hz, and stored (except for two rats in which EMG data were bandpass filtered at 35-100 Hz, full-wave rectified, lowpass filtered again at 32 Hz, and digitized at 200 Hz). Urine weight recordings were low-pass filtered at 12 Hz.
Power spectra of EMG signals were calculated using the Fast Fourier Transform (FFT). Time-frequency spectrograms were calculated by repeating FFTs every 0.1 sec on overlapping 1-sec epochs of Hanning-windowed EMG data.
A urine weight increase of at least 0.04 g determined void onset. Typically, urine flowed as a series of closely spaced drops (top panel in Fig. 1A) , and void duration was calculated as the time between the first and last drop. For voids with drops delayed by !0.8 sec from the preceding drop (top panel in Fig. 1B) , the void time was calculated as the time from the beginning of continuous urination to the end of voiding, minus pauses of !0.8 sec.
Void onset and offset were used as the basis for determining EUS EMG properties. EUS guarding (i.e., tonic pre-void EUS EMG) developed before almost every void (e.g., bottom panels in Fig. 1 ), but subsequent phasic activity was variably expressed, ranging from robust bursting (bottom and middle panels in Fig. 1A ) to a completely tonic pattern (bottom and middle panels in Fig. 1B) . Thus, onset of EUS bursting could not reliably identify the transition from guarding to voiding. Instead, an empirical approach based on spectral analysis of voids with visually-identified bursting was devised that identified this transition point (see LaPallo et al. 7 for presentation and justification of this approach). Void onset was defined as the time of transition from guarding to voiding as detected by the reduction in the combined EUS EMG power at 2, 11-12, and 21-30 Hz, regardless of the presence or absence of bursting. Void offset was calculated as the sum of the void EMG onset and urine accumulation duration.
The following void-associated EMG properties were calculated between void EMG onset and void EMG offset: EMG amplitude, defined as the average rectified EUS EMG calculated between void onset and void offset; bursting power, defined as the average signal power in the EUS bursting-frequency range (4-10 Hz in 22 rats and 3-9 Hz in 1 rat) expressed as a percent of the total average power; bursting time, defined as the cumulative time during which the bursting power was above a threshold value defined as the mean bursting power in amplitude-matched non-voiding epochs plus 2Â its SD; and dominant frequency, defined as the average of the frequencies with the highest power from all spectra calculated during the void. In addition, the temporal structure of EUS bursting was further analyzed in a subset of voids (n ¼ 208 from 17 animals) that exhibited clear phasic activation with little tonic activity between the active phases by calculating: bursting silent period, defined as the time during a single cycle of bursting in which the EUS EMG was not active; bursting active period, defined as the time during a single cycle of bursting in which the EUS EMG was active; bursting period, defined as the duration of a single cycle of bursting (i.e., active period plus silent period); silent duty cycle, bursting silent period expressed as percent of the bursting period.
In preparation for regression analysis, data for each parameter were normalized by z-transformation for each individual animal by subtracting the mean value and then dividing by its standard deviation. Statistical significance of relationships between void size and other properties was determined by simple or multiple regression analysis.
RESULTS
Analyses were performed on 3629 voids recorded from 23 animals (median number of voids per animal ¼ 127, range ¼ 44-491). Five of the 23 animals were studied over !8 weeks, and thus contributed more voids to the analysis (median ¼ 291 and range ¼ 195-491 voids) than did the remaining 18 animals studied over 1-6 weeks (median ¼ 108 and range ¼ 44-210 voids). Mean values of the variables that characterize EUS EMG and voiding activity were calculated for each animal, and the means of these by-animal values are shown in Table I . Daily urine output varied significantly with daily water consumption (slope ¼ 0.39, r 2 ¼ 0.34, P < 0.0001 for regression of urine weight/200 g/24 hr on water consumed/200 g/24 hr). Figure 2 shows the relationships between urine weight per void and EUS or other urodynamic properties. Table II reports the slopes and coefficients of determination (r 2 ) for simple regressions of void size on EUS and urodynamic variables.
Significant relationships were found between void size and all EUS and urodynamic variables. Both bursting time and bursting power varied directly with void size, which is consistent with EUS bursting being an important contributor to urine expulsion in rats. Dominant frequency was inversely related to void size, which is consistent with previous reports that low-frequency bursting is associated with higher voiding efficiency. [8] [9] [10] The strength of the relationship between void size and lowfrequency bursting is confirmed by regression analysis of void size on spectral power calculated at individual frequencies in the bursting range (3-10 Hz; Table II ). Significant direct relationships were found at all frequencies between 3 and 7 Hz, with 4 Hz accounting for the largest amount of variation in void size of all the individual frequencies. It is noteworthy that void size was not significantly related to the amount of power expressed at 8-10 Hz, despite the fact that the largest peak in the entire spectrum of EUS EMG during voiding in conscious rats was observed at 8 Hz, with a smaller peak at 4 Hz (see Fig. 7 in ref. 7 ). EUS bursting-related variables (i.e., bursting time, bursting duration, and dominant frequency), while significantly related to void size, individually accounted for only about 3-10% of the total variation in void size. Inter-void interval accounted for a large proportion of variation in void size ($28%; see Table II ). The time between successive voids represents a complex urodynamic parameter that reflects the influences of multiple factors, including the rate of urine production, bladder and urethral tissue biomechanics, and autonomic status. These factors jointly determine the bladder filling threshold and the rate at which this occurs. The diurnal variation in void size and inter-void interval 11 further complicate the relationships among these variables. We have recently reported that intravoid EUS activity also exhibits diurnal variation, in that bursting time and power are higher and void EMG amplitude and dominant frequency are lower in the light than in the dark (see Fig. 6 and Table I in ref. 7 ). To dissect the contributions of these various elements to void size, we have performed multiple regression analyses of void size on inter-void interval, light-dark status, and each of the EUS-related variables described above (Table III) . Inter-void interval uniquely accounts for more variation in void size than any other factors. Nevertheless, each of the EUS-related variables accounts for a significant fraction of the total variation in void size independent of inter-void interval and light-dark status. The slopes of the relationships between void size and EUS EMG amplitude, dominant frequency, bursting power and time, and individual bursting frequencies are similar to those of the simple regression analyses, and the preferential dependence of void size on bursting in the low-frequency range persists.
The fraction of variance accounted for by each independent variable in the multiple regression analysis is smaller than that observed with simple regressions of void size on each of the independent variables alone (e.g., compare r 2 for the simple regression (Table II) with that of the multiple regression (Table III) ). The sum of r 2 for interval, light-dark status, and each of the other EUS-related variables does not add up to the r 2 for the entire model, indicating the existence of a modest degree of covariation among the variables (common r 2 in Table III ). The data presented above are pooled across animals. We previously reported that there is considerable inter-animal variability as well as intra-animal variability in EUS activity during voiding. 7 Simple regression analyses of void size on each of the urodynamic and EUS-related variables described above performed within individual animals revealed this interanimal variability. Table II shows the numbers of individual rats with significant correlations. The relationship between void size and inter-void interval was detected in all 23 rats. Not all the rats showed significant relationships with EUS-related variables, but the majority had significant relationships that were similar to those detected in the pooled data. The wide range of correlation between EUS bursting-related variables and void size in many rats reflected the high variability in expression of EUS bursting within and between rats. 7 About 25% of voids were not associated with any significant bursting (as defined by bursting time ¼ 0); this ranged from 0% to 62% for individual rats. Thus, the relationships between void size and EUS bursting variables may have been influenced by a differential expression of bursting. Table IV shows results of simple regression analyses of void size on urodynamic and EUS properties using either voids with bursting (bursting time > 0) or voids without bursting (bursting time ¼ 0). As expected, voids without bursting did not show significant relationships between void size and burstingrelated properties such as bursting power or power at any of the individual bursting frequencies. For voids with significant bursting (i.e., bursting time > 0), bursting time, bursting power, and power at the individual frequencies of 3-7 Hz were significantly and directly correlated with void size. That void size was negatively correlated with power at frequencies of 9 and 10 Hz highlights the importance of low-frequency bursting for voiding, and raises the possibility that high-frequency bursting is detrimental to voiding.
The importance of low-frequency bursting to productive voiding was further emphasized by the relationships detected between void size and the time course of single cycles of bursting. Void size was positively correlated with the bursting period (Fig. 3A) , demonstrating that in voids with bursting, void production is enhanced at lower frequencies of bursting. Void size was also positively correlated with bursting silent period (Fig. 3B) , suggesting that void production is enhanced by having longer segments of intermittent EUS relaxation during bursting. Bursting silent period is highly positively correlated with the bursting period (Fig. 3D) , suggesting that variation in void size reflects in part the frequency-dependent duration of the silent period. There was also a weaker, but still significant positive relationship between void size and bursting active period (Fig. 3C) . Multiple regression of void size on bursting silent and active periods revealed that both independent variables uniquely accounted for a significant amount of variation in void size (r 2 for variance uniquely accounted for by the silent period or active period duration was 0.21 and 0.04, respectively, suggesting that while the silent period duration is an important contributor to void size, the active period plays a role (albeit weaker) in determining void size.
Average intra-void EUS EMG was inversely related to void size in voids with or without bursting (Fig. 1 ). For voids with bursting, this relationship likely reflects the significant covariation between bursting silent period and bursting frequency, in that average EUS EMG would be expected to be low during low bursting-frequency voids with proportionally long silent periods, and high during high bursting-frequency voids with proportionally short silent periods. For voids without evidence of bursting, the greater void size with smaller EUS EMG is consistent with a synergistic pattern of bladder contraction and EUS relaxation that is evident in all animals that do not employ EUS bursting as a voiding strategy (e.g., humans).
The strong relationship between void size and inter-void interval was comparable in voids with and without significant bursting (Table IV) . Thus, EUS bursting was largely independent of the factors that determine how quickly and how much urine can be accumulated.
DISCUSSION
The present analysis extends and expands upon the findings of our previous methodological study. 7 The previous study shown in second and third columns (*P < 0.05, **P < 0.0001). Percent of animals with significant (P < 0.05) direct (þ slope) or inverse (Àslope) regressions of urine weight on EUS EMG and urodynamic variables are shown in the fourth and fifth columns. n-Hz power, power at individual frequency n expressed as a percentage of the total power. demonstrated the chronic EUS recording methodology, analyzed the spectral content of EUS EMG during voiding, and identified the prevalence of EUS bursting during voiding. The novel results of the present analysis are that EUS temporal and spectral properties vary with void size during spontaneous micturition in conscious, freely moving female rats. Void size is inversely correlated with bursting frequency and positively correlated with: the duration of bursting silent and active periods, the overall duration of bursting, and the spectral power of EUS EMG at low frequencies within the bursting range. These data indicate that bursting-particularly at low frequenciesenhances void size in unanesthetized rats. After accounting for the contribution of interval and light-dark status, EUS properties still account for a significant amount of the variation in void size. These results are consistent with bursting being important for voiding in the unanesthetized rat, as it is in the anesthetized rat. 2, 3, 5 The mechanism by which bursting enhances voiding in rats is not entirely clear. EUS bursting was initially suggested to provide a pumping action that ejects urine. 12 Subsequent analyses demonstrated that urine flow during bursting occurs during EMG silent periods and not active periods, as would be the case if it were being actively pumped. 13 The role of this mechanism is supported by the parallel effect of serotonergic agents on silent period duration and voiding efficiency. 8, 14 The strong positive correlation between void size and bursting silent period seen in the present study is consistent with the importance of the intra-burst EUS EMG silence to voiding.
Transection of the sensory branch of the pudendal nerve also reduces voiding efficiency, 4 suggesting that at least part of the contribution of bursting may be to enhance afferent drive to LUT circuitry during voiding reflexes. The positive correlation between void size and bursting active period is consistent with this mechanism.
Despite the clear importance of bursting to voiding in rats, our previous study demonstrated that many sizable voids occurred without bursting. 7 The present study detected an inverse relationship between void size and intra-void EMG amplitude, suggesting that the EUS can relax tonically to favor voiding and that high tonic activity restricts voiding. Thus, in the absence of bursting, tonic EUS relaxation may contribute to voiding in much the same way that it does in humans (i.e., synergically with bladder contraction). Inter-void interval was as strongly related to void size as were the best-correlated EUS-related factors (i.e., bursting period and bursting silent period). The EUS is only one part of the multicomponent system that comprises the LUT, which also includes the smooth muscle of the bladder and urethra. Furthermore, bladder filling rate, and thus LUT output, depends upon the rate of urine production by the kidney. The diurnal variation in voiding frequency and volume reflects diurnal variation in glomerular filtration rate, bladder capacity, and autonomic function. 11, 15, 16 Thus, many other factors contribute to voiding that were not assessed directly in the present study. The strength of the relationship between void size and inter-void interval likely reflects the contribution of a number of these factors, including: the rate of production of urine (reflecting in large part glomerular filtration rate), which dictates how fast the bladder fills; bladder compliance (influenced by tissue biomechanics and autonomic tone) which affects bladder capacity; and the sensitivity of afferent and central pathways involved in transduction, transmission and integration of sensory information that contribute to setting the threshold for reflex control of bladder activity. Diurnal variation in these properties could in theory introduce an artificial relationship between void size and inter-void interval. However, multiple regression analysis including inter-void interval, lighting status, and EUS-related variables did not occlude the significant relationship between inter-void interval and void size. Thus, this strong relationship reflects the intrinsic dependence of void size on non-EUS-related factors that determine LUT function.
These results provide new insights into EUS function during voiding in rats and other species. Rats can exhibit EUS bursting even in the absence of supraspinal input; this is consistent with 
